Tumor cells from 7 freshly isolated human ovarian tumors and 2 continuous human ovarian cancer cell lines were analyzed for their surface expression of MHC class-I, class-II and ICAM-1 surface antigens before and after exposure to y-irradiation and/or the cytokines TNF-u plus IFN-,y. All 7 fresh tumol"S expressed high levels of MHC class-I and ICAM-1 antigens, and levels were markedly up-regulated after exposure to TNF-u plus IFN-,y. Similarly, class-II antigens were either induced (3 out of 7 tumol"S) or slgnlflcantly up-regulated by TNF-u plus IFN-y. Exposure to high doses of y-irradiation also increased the expression of MHC class-I and ICAM-1 antigens, albeit to a modest degree. MHC class-I and ICAM-1 antigen expression was much lower on continuous human ovarian cell lines than on the fresh tumors. Exposure of these cells to TNF-u plus IFN-y markedly up-regulated antigen expression to levels comparable to those expressed on the freshly Isolated tumors. With the established ovarian cell lines, removal of cytokines caused a rapid down-regulation of antigen expression to basal levels within 6 days, while in the fresh tumol"S a low level of upregulation was still present at this time. In contrast, exposure to cytokines followed by high-dose y-irradiation resulted in a highly significant and long-lasting expression of each surface antigen which was either up-regulated or induced by the cytokines. These data Indicate that the combination of these modalities may be beneficial in generating optimal antigen expression for use of tumor cells in vaccine studies.
A variety of cell-surface molecules have been shown to be involved in the recognition of antigenic cells by the immune system. Major histocompatibility antigens (MHC) and intercellular adhesion molecules play a key role in these cellular interactions. Class-I molecules are expressed on virtually all nucleated cells of the body (Daar et al., 1984) with the exception of some poorly differentiated tumors (Callagen, 1985) , while class-II molecules have a more limited distribution (Shackelford et al., 1982) . For a specific immune response to ensure, T cells must recognize a target peptide in the context of an MHC molecule. However, accessory molecules such as ICAM-1, which bind to leukocyte-function-associated antigen-1 (LFA-1) (Mart, 1987) and which are expressed on all lymphoid cells, contribute to cellular contact and further contribute to lymphocyte activation (Pircher et al., 1986) . Indeed, the presence of antigen-independent contacts has been shown to be particularly important if the avidity between the T-cell receptor an its target antigen on the cell surface is weak (Marianski et al., 1988) . In experimental models, the differential expression of class-I antigens (Festenstein, 1987; Vanky et al., 1989) , class-II antigens (Pfizenmaier et al., 1985) and ICAM-1 (Vanky et al., 1990) greatly influences the immunogenicity of tumor cells. Moreover, clinical correlation between MHC antigen expression, metastatic potential (LopezNevot et al., 1986) and lymphoid infiltration (Kabawat et al., 1983) has been reported for several tumor types.
Human interferon--y (IFN--y) and tumor necrosis factor-a (TNF-a) are potent inducers of MHC and ICAM-1 antigen expression on solid tumors (Carrel et al., 1985) as well as on non-malignant cells (Collins et al., 1986) . There is also ample evidence that IFN--y can increase the processing and presentation of antigenic peptides by enhancing proteolysis via the proteosome, by increasing the transport of these antigenic peptide fragments into the endoplasmic reticulum, by enhancing the binding of these molecules to an intermediate molecule such as gp96, and by increasing the expression of 132 microglobulin (Restifo et al., 1994) .
Recent advances in molecular genetics, immunology and cancer-cell biology over the last few years have aroused new enthusiasm for vaccine approaches to cancer. In order to induce a specific immune response, tumor vaccines should provide strong activating signals and also express persistently high levels of antigenic molecules. At the same time, when using vaccines derived from single-cell suspensions of allogeneic and/or autologous tumor-cell lines, it is necessary to inhibit cell replication in order to prevent possible tumor formation at the immunization site. High-dose -y-irradiation is one of the most commonly used methods of blocking cell division.
In this study, we examined the effects of cytokine exposure as well as high doses of irradiation on the surface expression of MHC and ICAM-1 molecules in 2 established ovarian carcinoma cell lines and in several freshly isolated tumor-cell suspensions of ovarian cancer origin. We found that irradiation given immediately after a brief exposure to TNF-a plus IFN--y induces a highly significant and long-lasting expression of each surface antigen which is either up-regulated or induced by the cytokines. Moreover, the combination of the 2 procedures appeared to have an additive effect on the expression of these surface molecules. These findings provide new information for use in the future development of tumor vaccines.
MATERIAL AND METHODS

Fresh tumors and tumor-cell lines
Single-cell suspensions were prepared from 7 ovarian adenocarcinomas of primary or metastatic origin obtained at the time of surgery. Human serous papillary ovarian carcinoma cell lines UCI-101 and UCI-107were kindly provided by Dr. A. Manetta, University of California, Irvine (UCI). UCI-101 and 7To whom correspondence and reprint requests should be addressed, at the UCI Medical Center, Building 23, Room 314, University of California, hvine, 101 The City Drive, Orange, CA 92668-3298. UCI-107 cell lines were maintained at 37°C, 5% CO2 in complete medium (CM) containing RPMI 1640 (GIBCO Life Technologies, Grand Island, NY) and 10% fetal bovine serum (PBS, Gemini, Calabasas, CA), while fresh single-cell suspensions and short-term cultures were maintained at 37°C, 5% CO2 in complete medium (CM) containing RPMI 1640, 5% PBS (Gemini). All the fresh tumors were of serous papillary histologic origin. OV A-1, OV A-9, OV A-12 and UCI-107 were obtained from patients who had not been previously treated with chemotherapy, while OVA-6, OVA-7, OVA 13, OVA 14 and UCI-101 were obtained from patients treated with different chemotherapy regimens. Briefly, single-cell suspensions were obtained by processing solid tumor samples under sterile conditions at room temperature. Viable tumor tissue was mechanically minced in RPMI 1640 to portions no larger than 1-3 mm 3 and washed twice with RPMI 1640. The portions of minced tumor were then placed into 250-ml trypsinizing flasks containing 30 ml of enzyme solution [0.14% collagenase Type I (Sigma, St. Louis, MO) and 0.01 % DNase (Sigma, 2000 KU/mg)] in RPMI 1640, and incubated on a magnetic stirring apparatus overnight at 4°C. Enzymatically dissociated tumor was then filtered through 150-mm nylon mesh to give a single-cell suspension. The resultant cell suspenslon was then washed twice in RPMI 1640. Experiments were performed only with suspensions which had at least 90% viability as determined by trypan-blue exclusion. The percentage of tumor cells was determined by cytokeratin expression using immunohistochemical techniques. In this regard, all the fresh tumor samples evaluated contained > 99% tumor cells.
IFN-y and TNF-a preincubation
Single-cell suspensions of freshly isolated ovarian tumors and the 2 established cell lines were incubated in CM or in CM containing a combination of IFN--y and TNF-a for 3 days (500 units/ml each) and subsequently evaluated for antigen expression by FACS analysis. Recombinant human IFN--y (specific activity; 2.5 x 10 7 U /mg) was purchased from Genzyme (Cambridge, MA) and recombinant human TNF-a (specific activity; 1.0 x 10 7 U/mg) was obtained from Genentech (S. San Francisco, CA).
IFN-y and TNF-a preincubation followed by high-dose y-irradiation
Fresh ovarian tumors that could be grown as short-term cultures and the 2 established cell lines were irradiated with a total dose of 10,000 rads with or without pre-incubation with IFN--y and TNF-a for 3 days (500 units/ml each). One portion of the pre-incubated cells from 2 short-term cultures (OVA-13, OVA-14) and UCl-101 and UCl-107 cell lines was seeded in CM without cytokines just before irradiation. This allowed us to follow the natural course of surface antigen expression with time but without the influence of irradiation. The remaining portion of the same cell cultures was irradiated in 15-ml conical tubes in CM at room temperature with gamma rays (Cesium 137) at a dose rate of 200 rads/min. Immediately after irradiation, cells were seeded into T 75 tissue-culture flasks (Corning, Corning, NY) in CM devoid of cytokines and cultured at 37°C in a 5% CO2 atmosphere. Spent medium was changed every other day. Irradiated cells preincubated with cytokines, and irradiated control cells were harvested at days 2 and 6 for FACS analysis. Cells from OVA-13, OVA-14, UCI-101 and UCI-107 cell lines pre-incubated with cytokines, not irradiated but put into normal medium just after the completion of pre-incubation (72 hr) were evaluated by FACS at the same time. Cell viability after irradiation was evaluated using trypan-blue dye exclusion. No viable cells were identified after 2 weeks of culture following 10,000 rads of irradiation.
Indirect immunofluorescence and flow cytometry
Cells obtained 
Statistical analysis
Significance analysis was performed using a paired Student's t test. Only p values < 0.05 were considered significant.
RESULTS
Expression of surf ace antigens on freshly isolated ovarian tumors and UC/-101 and UCI-107 continuous cell lines
Flow cytometric analysis of MHC class-I and -II antigens as well as ICAM-1 antigen was performed on 7 freshly isolated ovarian tumors and 2 continuous cell lines. The results shown in Table I indicate that MHC class-I antigens were expressed at high levels by all 7 of the freshly isolated ovarian tumors [mean channel fluorescence intensity (MFI) ranged from 855 to 2658]. Class-I antigens were also expressed on the 2 established cell lines, although at a much lower level (MFI evaluated in 3 different experiments ranged from 78 to 211 for UCI-101 and from 155 to 358 for UCl-107). Class-II antigens were expressed at low levels in 4 out of 7 freshly isolated ovarian tumors and then only in a subset of cells, while they were not detected at all on the continuous ovarian cell lines. ICAM-1 was expressed in all the cells evaluated with the exception ofUCI-107.
Effect of IFN-y plus TNF-a on surface antigen expression
The effect of IFN--y plus TNF-a on the expression of MHC and ICAM-1 antigens on freshly isolated and continuous ovarian tumors was determined by FACS analysis. In all of the ovarian carcinoma cells studied, IFN--y plus TNF-a markedly up-regulated the level of MHC class-I antigen expression (Table I ). The increase in MHC class-I expression by the freshly isolated ovarian tumors ranged from 2.28-to 4.27-fold (induction index), while the increase in expression by UCI-107 and UCI-101 ranged from 11.1 to 29.9 and from 9.1 to 20.5, respectively. IFN--y plus TNF-a up-regulated the expression of MHC class-II antigens on all freshly isolated ovarian tumors as well as the UCI-107 cell line. In particular, for those tumors which did not express MHC class-II antigens prior to cytokine exposure, IFN--y plus TNF-a induced its expression, albeit at low levels. In all of the ovarian carcinoma preparations studied, IFN--y and TNF-a either induced (UCI-107) or up-regulated the expression of ICAM-1 antigens. In this regard, the induction index ·ranged from 1.64 to 19.2 fold (Table I) .
Persistence of surface antigen expression after cytokine withdrawal
The time course of MHC and ICAM-1 surface antigen expression following withdrawal of TNF-a plus IFN--y was studied in 2 freshly isolated ovarian tumors (OVA-13, OVA-14) and the 2 continuous ovarian cell lines. The results of these studies are shown in Table II . For the 2 continuous cell lines, a significant up-regulation of MHC class-I molecules was still present 2 days after removal of the cytokines. However, by 6 days after cytokine withdrawal, no significant difference was noted between treated and untreated cells. When MHC class I and ICAM-1 were evaluated in freshly isolated OVA-13 and OVA-14 tumors, a slower return to the basal (i.e. untreated) level of surface antigen expression was noted. Indeed, MHC class-I molecules were still significantly up-regulated after 6 days following cytokine withdrawal (p s 0.05).
Expression of surface molecules after high-dose -y-irradiation
Cell-surface antigen expression on 2 fresh ovarian tumors (OVA-13, OVA-14) and the 2 established cell lines was evaluated 2 and 6 days after irradiation and the results were compared to the level of expression of unirradiated control cells. As shown in Table III , for the freshly isolated tumors, irradiation caused a modest but not significant up-regulation of both MHC class-I and ICAM-1 surface antigens which remained at this level for up to 6 days. In contrast, for the continuous cell lines, irradiation induced a marked increase in the expression of class-I and ICAM-1 antigens which persisted for at least 2 days. The marked sensitivity to high-dose irradiation of the established lines prevented the evaluation of Tumor cells were evaluated for levels of surface antigen expression by flow cytometry prior ( day 0) or after 2 or 6 days after high-dose gamma irradiation. Values expressed represent induction indexes. Data from one representative experiment are shown.~ *p ~ 0.05; tp not significant. N.D., not detectable.-, Not done. antigen expression after 6 days. It is interesting that irradiation did not induce neoexpressjon of antigens previously not present on these cells, such as MHC class II. It is also worth noting that, while irradiation could cause an increased expression of all antigens tested expressed by the cells, the levels reached were much lower than those attained by exposure to IFN--y and plus TNF-a.
Expression of surface molecules after irradiation with or without previous exposure to IFN-y plus TNF-a
Cell-surface antigens were evaluated 2 and 6 days after irradiation in 6 freshly isolated ovarian tumors (OVA-6, Tumor cells were evaluated by FACS analysis for levels of surface antigen expression 2 days after irradiation with or without prior cytokine exposure. Data are expre,sed as MFI and as induction indexes. Data from one representative experiment are shown. The p-values for MHC class I and ICAM-1 after 2 days were 0.02 and 0_05, rcspectively.-Ii, Induction indexes.
OVA-7, OVA-9, OVA-12, OVA-13, OVA-14) and after 2 days in the established cell lines with or without prior exposure to IFN--y plus TNF-a. In all the tumor cells studied, prior exposure to cytokines followed by irradiation induced a highly significant and long-lasting expression of all the surface antigens either up-regulated or induced by the cytokines (Table IV and Fig. 1 ) . Indeed, in the freshly isolated tumors, the levels of antigen expression following cytokine exposure and irradiation remained significantly elevated for up to 6 days. This was in marked contrast to the effects of cytokine exposure only, in which surface antigen expression rapidly and consistently decreased after treatment. In addition, when the level of antigen up-regulation reached with cytokine exposure at day 0 and day 2 was compared to the level of antigen expression after the combination of the 2 procedures ( day 2), an additive and persistent increase in antigen expression was noted both for the freshly isolated tumors and for the continuous cell lines (Fig. 2) .
DISCLiSSION
This study investigated the expression of MHC and ICAM-1 surface antigens on freshly isolated and continuous cell lines of human ovarian epithelial tumors. The effects of high-dose -y-irradiation, the exposure to cytokines TNF-a plus IFN--y and the combination of the 2 procedures on the expression of these antigens were carefully studied. The results indicate that our series of freshly isolated ovarian epithelial tumors express high levels ofMHC class-I and ICAM-1 antigens compared to the 2 continuous cell lines, and that 4 out of these 7 tumors also expressed detectable levels of MHC class-II antigens. Following exposure to TNF-a plus IFN--y, all tumors studied rapidly up-regulated their levels of expression of MHC class I and ICAM-1. Furthermore, in those tumors which already expressed MHC class-II antigens ( 4 out of 7), cytokine exposure also markedly increased its surface expression. In those tumors which did not express MHC class-II antigens, exposure to cytokines induced their expression in all cases. In the continuous ovarian cell lines, MHC and ICAM-1 antigens were expressed at a much lower level than in the freshly isolated tumors, but exposure to cytokines also markedly up-regulated their level of expression to values comparable to those seen for the fresh tumors. It is worth noting that the striking difference in the up-regulation of surface molecules seen in the 2 groups (induction index for MHC I from 2.28 to 4.27 in the fresh tumors, compared to an induction index of 9.1 to 29.9 in UCI-101 and UCI-107 cell lines) appears to be due to different levels of expression in the resting basal state and shows that cells which express low levels of these surface molecules are capable of up-regulating them to very high levels after exposure to the appropriate cytokines. It is noteworthy that exposure to TNF-a plus IFN-'Y did not cause any observable toxic effects to any of the freshly isolated tumor samples but appeared to decrease the growth rate of the established ovarian cell lines.
The effect of -y-irradiation on surface antigen expression was also investigated. Our results indicate that, in all tumors evaluated, an increase in the expression of MHC class-I and ICAM-1 antigens consistently occurred, although this increase was statistically significant only in the 2 continuous cell lines and was only modest when compared to the up-regulation induced by the cytokines. Our previous studies showed that irradiation up-regulated other antigens in addition to MHC and ICAM-1 (i.e. Her-2/Neu) and that this was dosedependent, higher expression being associated with higher doses of irradiation ( data not shown). In the present study, in agreement with other reports (Hauser et al., 1993 , Hareyama et al., 1991 , we were able to confirm that an increase in expression of surface antigens is a general feature induced by high doses of -y-irradiation. However, such up-regulation, unlike that caused by TNFa plus IFN-y, did not induce expression of antigens not previously expressed in the cell lines prior to irradiation.
The increased level of antigen expression observed following exposure to TNF-a plus IFN--y was not persistent and dropped rapidly after removal of the cytokines. However, a somewhat slower return to the ba,al surface expression was noted in the fresh tumors.
Our study design differed from that of previous reports evaluating the effects of irradiation on antigen expression (Hauser et al., 1993; Hareyama et al., 1991) inasmuch as the cells were preincubated with cytokines prior to irradiation. We found that, following exposure to cytokines, irradiation caused a highly significant and long-lasting expression of all the surface antigen, either up-regulated or induced by the cytokines. Moreover, a further additive effect was noted upon increasing the expression of the surface molecules, either up-regulated or induced by the cytokines. Finally, the combination of such procedures was clearly shown to be superior to either modality alone.
The importance of these findings is underscored by previous reports on the influence of surface antigen expression and immune recognition. Several studies on human tumor cells of different origins exposed to TNF-a plus IFN--y have shown that the induction of cytotoxic effector cells requires a higher level of antigen expression than cytotoxic interaction (Vanky et al., 1989; Anichini et al., 1993) . In fact, tumors not previously considered to be immunogenic but so induced to express higher levels of MHC antigens appear to recruit high-avidity T cells, which can then recognize target cells which express virtually undetectable levels of MHC antigens (Vanky et al., 1989) . Moreover, in studies on melanoma (Anichini et al., 1993) , the expression of ICAM-1 in different melanoma clones, correlated with the susceptibility of the tumor cells to lysis by specific and non-specific T-cell clones and, more importantly, up-regulation of ICAM-1, by treatment with IFN--y in low-expressor clones, could boost tumor lysability only by specific, TCR-dependent and HLA-restrieted effector cells. In such studies, the relative surface expression of ICAM-1 was a key factor for the outcome of the interaction with T cells and only those clones that expressed these molecules at levels high enough for an efficient interaction with antigen-specific T cells were able to trigger lysis. Other studies with human tumor cells deficient in antigen processing (Restifo et al., 1994) have also shown a greatly enhanced antigen-presenting capacity after exposure to IFN-'Y, suggesting that even the molecules that are putatively involved in antigen processing can be up-regulated after such treatment.
MHC-1 (
The importance of the direct expression of MHC class-II antigens on tumor cells has been highlighted in recent studies of transduction of class-II genes in murine tumor models (Clements et al., 1992) . Such studies have shown that the expression of class-II molecules can make such tumor cells function as antigen-presenting cells provided that the invariant chain (Ii) is not expressed (Clements et al., 1992) . Indeed, because most non-lymphoid and non-myeloid-derived murine tumor cells do not express Ii (Koch and Harris, 1984) and the expression of MHC class-II molecules can occur in human cells in the absence of Ii (Sekaly et al., 1986) , the possibility of increasing or of inducing expression of such molecules after cytokine treatment could also augment the possibility of direct activation of CD4 helper-inducer T cells. Finally, in a prospective randomized clinical trial of colon carcinoma, Hanna et al. (1993) demonstrated that immunization with autologous tumor cells mixed with BCG led to a significant increase in disease-free survival only in those patients whose tumor cells expressed high levels of MHC class-II and ICAM-1 surface antigens.
Until common tumor antigens arc identified at the genetic level, and the prevalence and biorelevance of these antigens are assessed, whole tumor cells remain the most reliable source of specific tumor antigens for cancer immunotherapy. The possibility of increasing or inducing de novo expression of MHC molecules and ICAM-1 or other important surface antigens in tumor cells after exposure to TNF-ct plus IFN-'Y has already been recognized as an efficient method of increasing in vitro induction of T-cell responses against these tumors (Vanky et al., 1989 , Pfizenmaier et al., 1985 . However, one of the problems to consider when such up-regulated cells are used as tumor vaccines is the relatively short half-life of the upregulation following removal of the cytokines. Moreover, when using vaccines derived from single-cell suspensions or from allogeneic-autologous established tumor-cell lines, it is necessary to inhibit cell replication in order to prevent tumor formation at the immunization site. Such procedures should not compromise the immunogenicity of the vaccine; rather, they should maintain or even enhance the intrinsic immunogenic potential. High doses of -y-irradiation represent one of the most commonly used methods of inhibiting cell replication for human tumor immunotherapy. Taken together, the observations reported here support the use of a combination of such procedures when preparing tumor cells for use as tumor vaccines. These important findings provide new and additional strategies for active specific immunization in patients with cancer.
